Opportunity has investigated in detail rocks on the rim of the Noachian age Endeavour crater, where orbital spectral reflectance signatures indicate the presence of Fe +3 -rich smectites. The signatures are associated with fine-grained, layered rocks containing spherules of diagenetic or impact origin. The layered rocks are overlain by breccias, and both units are cut by calcium sulfate veins precipitated from fluids that circulated after the Endeavour impact. Compositional data for fractures in the layered rocks suggest formation of Al-rich smectites by aqueous leaching. Evidence is thus preserved for water-rock interactions before and after the impact, with aqueous environments of slightly acidic to circum-neutral pH that would have been more favorable for prebiotic chemistry and microorganisms than those recorded by younger sulfate-rich rocks at Meridiani Planum.
T he Mars Exploration Rover Opportunity has been exploring Endeavour crater, an impact crater~22 km in diameter formed in ancient Noachian materials, since August 2011 (1) . Opportunity arrived at Cape York, an eroded segment of Endeavour's rim, where the rover traversed from the younger Burns formation sulfaterich sandstones onto the older rim rocks (2) (Fig. 1) . The rover initially traversed onto the southern tip of Cape York, named Spirit Point, where impact breccias were detected and characterized (1) . After traversing along the western side of Cape York and spending the martian winter near its northern end, Opportunity traversed back southward along the eastern side of Cape York when spring arrived.
Observations from the Mars Reconnaissance Orbiter's (MRO's) Compact Imaging Spectrometer for Mars (CRISM) (3, 4) , acquired in an alongtrack oversampled (ATO) mode to sharpen spatial details, were used to identify and map a Fe +3 -rich smectite mineral locality in an area on the eastern side of Cape York called Matijevic Hill (5) (Fig. 1 ). Opportunity and its Athena instrument payload (6, 7) were then used to investigate this area in detail for a total of 200 sols (8) to determine the source of this mineral signature and implications for past environmental conditions (Fig. 1 ).
CRISM Observations
An extensive ensemble of standard-mode CRISM data with~18 m/pixel spatial resolution has been acquired over Endeavour crater and its rim segments since 2006 to help identify areas that expose minerals formed in aqueous environments (9) (10) (11) . CRISM observations using the ATO mode were acquired beginning in 2010 over Cape York to identify and map aqueous minerals in detail so that Opportunity could then be directed to those localities to make ground-based observations of the relevant deposits. The CRISM ATO data were collected by gimbaling the instrument optical system to space the normally~18-m pixels (projected onto the ground) to a few meters apart in the along-track direction. Damped least-squares processing techniques were then used to sharpen the spatial resolution to 9 m/pixel in this direction (supplementary materials). Because Cape York is approximately aligned along the MRO ground track, this approach allowed identification of outcrops at a much finer spatial scale than was possible with previous observations. Using a first-principles approach to model the atmospheric gases, aerosols, and surface scattering behavior, CRISM data for each wavelength band were reduced to surface single scattering albedo (SSA), a parameter that is independent of lighting and viewing conditions (supplementary materials). For this study, the retrieved SSAs were recast to spectral radiance coefficients using the lighting and viewing conditions for laboratory data acquired with the Brown University RELAB spectrometer system. This allowed direct spectral feature and magnitude comparisons between RELAB and CRISM data.
Retrieved SSA spectra (0.45 to 2.5 mm) were examined interactively for all of Cape York and surrounding plains, along with use of standard band depth mapping to search for evidence of clay mineral signatures. Results show that there is one small region, located on the Endeavour crater side of Cape York on Matijevic Hill, that shows 2.28 and 2.39 mm Fe-OH combination absorptions diagnostic of an Fe +3 -rich smectite best matched by the mineral nontronite (12) (13) (14) (15) (Fig. 2) . The locations exhibiting these features were mapped using >1.0% absorption band depth criteria (Fig.  1 ). The~1.9-mm band depth for the average spectrum for this location is indistinguishable from the average spectrum for all of Cape York, which implies a high degree of desiccation of the interlayer water (16, 17) (supplementary materials). The lack of~1.4-mm absorption is also consistent with substantial desiccation. Further, the 2.28-and 2.39-mm absorptions are shallow, even compared to laboratory-derived spectra of a mix of anhydrous basalt and 5% by weight of Fe +3 -rich smectite (18, 19) (Fig. 2) . This implies that the Fe +3 -rich smectite on Cape York likely occurs at only a few weight percent of the exposed material.
Opportunity Observations

Overview
Opportunity was commanded to turn uphill and start a detailed investigation of the rocks on Matijevic Hill at the location where CRISM data showed the Fe +3 -rich smectite signature (Fig. 1) . These localities correspond to rocks subsequently named the Matijevic formation that range from light-toned, planar outcrops with a discontinuous surface of darker veneers to erosionally resistant ridges with high concentrations of small spherules (Figs. 3 and 4) . In a few locations, apparent bedding exposed in cross section is expressed as millimeter-to centimeter-scale layers (Fig. 5) . The Matijevic formation rocks are fine-grained, with subrounded particles ranging from~0.3 mm in size to below the limit of Microscopic Imager (MI) resolution (supplementary materials). Rare dark particles are present, with shapes that range from angular to subrounded. The energy per volume required to grind into spherule-free exposures of these rocks with the rover's Rock Abrasion Tool (RAT) is~2.8 J/mm 3 , similar to soft sulfaterich sandstones elsewhere at the Opportunity site (20) and to some of the weakest rocks found by the rover Spirit (21).
The elemental composition of most Matijevic formation rocks, as determined by the Alpha Particle X-Ray Spectrometer (APXS) ( Table 1) , is similar to average martian soil (i.e., basaltic) (22) , similar to average martian upper crust on a S-and Cl-free basis (23) , and slightly higher in Si and Al and lower in Fe than the Shoemaker formation impact breccias that make up most of Cape York (1) . Analysis of photon-scattering peaks (24) in APXS data from Matijevic materials does not reveal excess light elements within detection limits. This observation places an upper limit of~5 weight percent (wt %) H 2 O in the rock. The inferred lack of hydration is consistent with the CRISM-based Fe +3 -rich smectite detection that shows Fe-OH combination bands at 2.28 and 2.39 mm but lacks evidence for 1.4-or 1.9-mm bands indicative of extensive interlayer water (see the supplementary materials).
The Fe +3 -rich smectite signature seen in CRISM data likely results from the presence of the veneers because these deposits are enriched in elements (Zn, S, Cl, and Br) that are mobile under aqueous conditions and match the signature from CRISM data maps to locations where veneers are present ( Figs. 1 and 3 ). Panoramic camera (Pancam) spectra show that, where dust has been brushed away using the RAT, the veneers exhibit a subtle absorption centered over the 0.934-mm band (Fig. 6 ). This feature is consistent with, but not uniquely indicative of, the presence of a Fe +3 -rich smectite electronic transition absorption (12) . An equivalent feature is not apparent in CRISM spectra retrieved for the CRISM S data (~0.45 to 1.0 mm) for the region where the 2.28-and 2.39-mm absorptions are present. This is likely because of the subtle nature of the 0.934-mm absorption and obscuration by wind-blown dust that dominates spectra for these wavelengths in most areas of Mars, including Endeavour's rim segments.
Spherules
The spherules that are present in many Matijevic formation rocks are found in concentrations that range up to~40% by volume, with highest values at the Kirkwood locality (Fig. 7) . Spherules are typically 2 to 3 mm in diameter, with a~5-mm maximum diameter. Wind erosion of the spherules has exposed concentric structures, with resistant outer shells, less resistant interiors that are visually similar to the surrounding matrices, and irregular and resistant internal structures. Spherules are mostly matrix-supported, even at the Kirkwood locality, although some are in contact with one another. Kirkwood lacks laminar bedding, although roughly horizontal partings accentuated by wind erosion are weakly expressed. Spherule-rich outcrops like Kirkwood are resistant to erosion relative to materials around them and, thus, stand out in positive relief. The RAT specific grind energy of Kirkwood is~23 J/mm 3 ,~8 times that of spherule-free Matijevic formation rocks.
Spherules exhibit subtle compositional differences compared to the matrix in which they +3 -rich smectite locations on Matijevic Hill, together with a laboratory spectrum for the mix of 95% basalt and 5% nontronite (18, 19) . As explained in Supplementary materials, the increased noise level for wavelengths less than~2.2 mm precludes identification of subtle metal-OH absorption features for this wavelength interval. (B) Continuum-removed laboratory spectra of 100% fine-grained (clay-sized) montmorillonite (Al-rich), nontronite (Fe +3 -rich), and saponite (Mg-rich) smectites are plotted. Nontronite (12) is the best spectral match to the CRISM spectrum. Saponite spectrum is from sample LASA59 in the RELAB archives at Brown University. Montmorillonite spectrum is from sample SWY-2, documented in (37) .
are embedded (Fig. 8) . FeO T increases with increasing spherule abundance, whereas CaO, Al 2 O 3 , and MnO decrease. The FeO T /MnO ratio varies from <50 in spherule-free Matijevic formation materials to >75 in spherule-rich targets, extrapolating to >100 in pure spherules. Spherules are also slightly redder in Pancam color images than the matrix in which they are embedded, and cuttings produced by RAT abrasion of dense accumulations of spherules show a subtle 0.535-mm absorption in Pancam data that is consistent with the presence of fine-grained iron oxides.
Impact Breccias
Overlying the Matijevic formation is a unit that is best exposed at Copper Cliff (Figs. 1, 3 , and 9A). The contact at this location is planar and likely an unconformity, with an abrupt transition from the light-toned, fine-grained, orthogonally jointed Matijevic formation rocks upward into darker rock exposures in Copper Cliff with coarse, poorly sorted rock clasts and no visible jointing. MI images show Copper Cliff rocks are breccias, with clasts up to a few centimeters in size (Fig. 9B) . Some spherules are present and show a decrease in abundance up section.
The elemental composition of the Copper Cliff breccias ( Table 1 ) differs from that of Shoemaker formation impact breccias found elsewhere on Cape York (1), particularly near the bottom of the section on Matijevic Hill. The lowermost target, Onaping, has higher Al 2 O 3 and lower FeO T than Fig. 3 . A portion of a Navcam image mosaic acquired on sol 3132 (see Fig. 1 for the location on Cape York) looking to the north and northeast at recessive, bright, finely layered Matijevic formation outcrops partially covered by dark veneers. Opportunity in situ observations were acquired for the Onaping, Sandcherry, and Espérance targets, in addition to several targets at Whitewater Lake and Kirkwood (see Fig. 4 ). The Matijevic formation materials are overlain by impact breccias (including rocks exposed on Copper Cliff) on the upslope portion of the scene.
These breccias may or may not be part of the Shoemaker formation breccias exposed over much of Cape York. Matijevic formation outcrops extend to the right and downhill of the scene for~30 m, whereas in the Whitewater Lake and Kirkwood areas, these rocks extend only~4 m along the downslope direction. Stratigraphic section for the local area and surroundings is shown bottom right. The Grasberg unit includes materials that form the bench that surrounds Cape York (1). Shoemaker formation breccias, whereas other rocks sampled that lie stratigraphically above Onaping (Vermillion Cliffs, Vermillion Lake, and Maley) become increasingly similar to Shoemaker formation breccias. All of these targets have high Ni compared with other Shoemaker formation breccias, but similar to those of the Matijevic formation rocks.
Sulfate-Rich Veins
Both Matijevic formation rock exposures and the overlying Copper Cliff breccias locally contain narrow, light-toned fracture-filling veins (Fig. 10A) . (Fig. 10B) , in a ratio consistent with a dominance by Ca-sulfate. Pancam multispectral images of the veins show a marked downturn in reflectance from 0.934 to 1.009 mm. This same downturn has been observed for much larger Ca-sulfate veins west of Cape York, where it was attributed to a H 2 O overtone feature indicative of the hydrated CaSO 4 mineral gypsum (1, 25) .
Boxwork Fractures
In (25)], although APXS scatterpeak ratios constrain the water content to be less than~5 wt %.
Interpretations
The origin of Matijevic formation rocks is constrained, although not uniquely, by their finegrained and locally layered character. These rocks have been observed, to date, only on Matijevic Hill, and thus, broader geologic context for their formation is lacking. Fine-grained clastic rocks can form by impact, explosive volcanic, eolian, or fluvial and/or lacustrine processes, and without context, we cannot distinguish confidently among these possibilities. If the deposits are an impactite, the fine-grained nature, with overlying coarse breccias, implies that they are distal ejecta from an impact that predates Endeavour, not from the Endeavour impact itself. Whatever their origin, the Matijevic formation exposes the oldest materials investigated to date by Opportunity. Sample brushed using the RAT. 3 Sample partially abraded using the RAT. 4 Typical Meridiani basaltic sand composition 24 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org
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Exploring Martian Habitability
The veneers are likely the carrier of the Fe +3 -rich smectite signature detected from CRISM data and are inferred to have formed either as surface deposits or along bedding plane fractures as mildly acidic (>5 pH) (26, 27) waters were neutralized by reactions with the finely layered strata These produced a small amount of Fe +3 -rich smectite and salts.
Two hypotheses are considered for the origin of the spherules: (i) diagenetic concretions and (ii) accretionary lapilli (impact or volcanic). Textural arguments do not by themselves eliminate either hypothesis. Concretions with concentric zoning (i.e., hard exteriors) similar to those observed in Matijevic Hill spherules can form under conditions of diffusion limitation from pore waters characterized by variable pH and low, but variable, oxygen availability (28-30). However, concentric structures are also found in some impact lapilli (31, 32) . Spherules in Matijevic formation rocks are found dispersed through finely layered bedding (Fig. 5) . Hydraulic segregation according to particle size (and hence settling velocity) during entrainment by fluids should lead to sorting and deposition of coarse particles before fine particles (33) . The observed dispersion of spherules across fine bedding in Matijevic formation rocks therefore favors an origin as concretions. Dense concentrations of spherules are observed at Kirkwood that fall near the high end of concretion densities found on Earth. This would require unusual bed-by-bed variation in rates of fluid flow or availability of nucleation sites, which occasionally does happen on Earth during formation of concretions. Dense decimeter-thick layers of accretionary lapilli are also well documented in impact deposits and occur within a finer-grained matrix (34) .
Perhaps the strongest evidence favoring a spherule origin as concretions is the difference in chemistry between the spherules and their matrix, but this difference is subtle (Fig. 8) . If the spherules are concretions, they must be lightly cemented as compared to the hematite-rich concretions of the Meridiani plains (2) . Extrapolating compositional data for spherule-rich rocks to 100% spherules suggests only about 20% FeO T (Fig. 8) . If the change in FeO T concentration reflects an increase in Fe
+3
, then cementation may involve a small proportion of ferric oxide or oxyhydroxide, consistent with the spectral properties of spherule cuttings. The increased FeO T /MnO in spherulerich targets is consistent with changing redox and/or pH conditions such that Fe +2 in solution oxidized to Fe +3 and precipitated as a thin cement, whereas Mn +2 continued in solution to precipitate elsewhere. Interpretation of spherules as lapilli would require layer-specific alteration during diagenesis; therefore, both hypotheses invoke groundwater flow within Matijevic formation rocks.
The rocks exposed at Copper Cliff and higher up the side of Matijevic Hill are impact breccias that probably date from the Endeavour impact event. They are either part of or are overlain by Shoemaker formation breccias exposed over much of Cape York (1) and are the stratigraphically lowest breccias examined by Opportunity to date. The spherules they contain may have been released from the Matijevic formation rocks during impact and mixed into the breccias. The different chemical compositions of the lower Copper Cliff breccias, as compared to Shoemaker formation breccias, also suggests some admixture of Matijevic materials, moderate aqueous alteration after emplacement, and/or a differing provenance reflected in a higher feldspathic/mafic ratio in the lithic fragments. The high Ni content suggests Ni mobilization by alteration fluids subsequent to emplacement of the breccias.
The sulfate-rich veins observed in both the Matijevic formation and at Copper Cliff formed when narrow fractures were filled by calcium sulfate precipitated from fluids generated within the underlying Noachian crust. Calcium sulfate was likely precipitated closest to the Noachian (Fig. 11B) . In this diagram, silicate minerals that plot along and below the feldspar-(FeO T + MgO) join are igneous, whereas, above the join, secondary clay minerals dominate (35) . Data for spherule-rich rocks plot toward the FeO T + MgO apex, whereas data for veins plot toward the CaO + Na 2 O + K 2 O apex, consistent with compositional inferences discussed in previous paragraphs. Six APXS measurements were made on Espérance, culminating in the target Espérance6 that was partially abraded with the RAT, plus a seventh nearby point called Lihir (Fig. 11A) . These data define a near-vertical trend in the diagram that is interpreted as a mixing line between typical Matijevic formation rocks and the underlying altered rock best represented by Espérance6. Results are consistent with a high concentration of an Al-rich smectite. The Espérance data also show a positive correlation between Al 2 O 3 and SiO 2 , with excess silica indicated at low Al 2 O 3 values (Table 1) . A mineral assemblage that includes substantial amounts of Al-rich smectite and a siliceous phase or phases provides compelling evidence for substantial aqueous alteration. In addition, the loss of iron implies that the fluid was reducing because ferric oxides would have been generated under oxidizing conditions at all but very low pH values.
The boxwork fractures at Espérance and elsewhere are similar to the parallel slablike foliations commonly associated with mineral volume changes at uniform depths on rock exteriors and could have presented pathways for fluid flow. The strong localization of alteration along these fractures indicates that the alteration occurred in place, after the fractures formed.
The events recorded at Matijevic Hill imply an aqueous environment different from those that produced the overlying sulfate-rich Burns formation sandstones. Deposition began with fluvial, eolian, distal impact or explosive volcanic emplacement of layered, fine-grained deposits that dominate the Matijevic formation. These materials underwent minor aqueous modification that generated Fe +3 -rich smectite and locally more intense alteration by enhanced fluid flow along fractures that generated relatively high concentrations of clay minerals and hydrated silica-rich materials. Breccias were subsequently The aqueous modification of Matijevic materials provides evidence for the earliest episode of water activity documented by Opportunity. In particular, the unusual chemistry of Espérance points to an early period of localized intense alteration under fluid-dominated, near-neutral to modestly low pH and reducing conditions that would, at least transiently, have been more favorable to life or prebiotic chemistry (36) than the very low acidic conditions recorded by younger Burns formation sulfate-rich sandstones. for selected rocks from Matijevic Hill (Table 1 ) and other materials. Mineral compositions based on idealized stoichiometry, the field for montmorillonite based on structural formulae of 25 natural montmorillonites (38, 39) , and average martian crust and soils taken from (23) .
